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1. Supporting Experimental Section

1.1 Electrode preparation and Zn-ion hybrid supercapacitors assembly (ZIHCs)
To fabricate the working electrode, a mixture was first prepared by dispersing porous
carbon, conductive carbon black, and polyvinylidene fluoride (PVDF) binder in N-
methylpyrrolidone (NMP)—with the three components mixed at an 8:1:1 weight ratio.
This slurry was then evenly spread onto a stainless steel mesh; during this step, the
loading of active material was controlled to fall within the range of 1.0-2.0 mg cm™.
After coating, the mesh with the slurry was placed in a vacuum oven and dried at 80°C
for 12 hours to complete the working electrode preparation. For electrochemical
performance testing, CR2032 coin-type zinc-ion hybrid supercapacitors (ZIHCs) were
assembled first, and their performance was assessed under room-temperature
conditions. The assembled cells featured a specific configuration: a zinc foil served as
the anode, a glass fiber membrane acted as the separator, a porous carbon-based
material functioned as the cathode, and 2 mol L™! ZnSO, solution was used as the
electrolyte.

1.2 Electrochemical equations and calculations

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
measured on a CHI 660E electrochemical workstation (Chenhua Instruments Co.
China) at room temperature. A LAND CT3001A battery test system (Wuhan LAND
Electronics Co., Ltd., China) was employed to obtain galvanostatic charge-discharge
(GCD) curves, XPS measurements were carried out on a Thermo Fisher Scientific

Nexsa G2 (USA) spectrometer using a monochromatic Al Ka X-ray source (hv =



1486.6 eV) operated at 120 W.

The defect density of the material is obtained based on Raman testing, and the formula
is described as follows:

np=18x10%% x (I, x 1) /L% (S1)

where A, = 532 nm.

The valence band position relative to the standard hydrogen electrode is obtained based
on VB-XPS testing, and the formula is as follows:

Eygnue = Evp_xps + @ —44# (52)

Among them, Eypnur is the potential of the valence band relative to the standard
hydrogen electrode, Eyp xps is the valence band value measured by VB-XPS, and ¢ is
the instrument work function (taken as 4.2 eV) .

The charge storage dynamics and capacitance contribution are obtained based on CV
results testing, and the formula is as follows:

i(v) = av’ # (S3)

Or convert it into the following formula:

logi(v) =log(a) + blog (v)# (54)

Where i (A g') represents the total current response, v (mV s ) is the scan rate, and a
or b is an empirical constant 2.

i(v) =k +k,v'/*# (S5)

Or convert it into the following formula:

i) /2 =k +ky # (S6)

Among them, k;v and k;v!”? represent surface control current and diffusion control



current, respectively 3.

The diffusion coefficient of ions can be calculated using EIS technology, and the
formula is as follows:

D = (R’T?) / (2A*C*n*F*a®)# (S7)

Among them, n is the number of electrons transferred by each molecule in the electronic
reaction process, 4 is the electrode surface area, R is the gas constant, 7 is the Kelvin
temperature, C is the molar concentration of the electrolyte, F is the Faraday constant,
and o is obtained from formula (8);

Z'=0w " 4+ Rs + Rct# (S8)

Among them, Z ' is the real part of impedance (Q2), ® is the angular frequency (rad s),
Rs is the equivalent series resistance (€2), and Rct is the charge transfer resistance (Q).
The following formulas were used to determine the specific capacity (mAh g'), energy

density (Wh kg™), and power density (W kg™):

21 [Vdt
Cm= #(59)
I [vdt
E= #(510)
3.6m

E
P = 3600?#(511)
where / (A) represents the discharge current, (V) denotes the operating voltage, ¢ (s)

is the discharge time, and m (g) corresponds to the mass of the active cathode material.



Fig. S1. (a). SEM image of SPC-6-0 after activation, (b). SEM image of SPC-0-20

after activation.



Fig. S2. (1). Starch solution, (2). Add 20ml of starch solution with phosphoric acid,

(3). Add 30ml of starch solution with phosphoric acid, (4). iodine solution.
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Fig. S3. TG curves for SPC-6-0, SPC-0-20 and SPC-6-20.
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Fig. S4. XPS spectra of SPC-6-20 and SPC-6-0.
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Fig. SS. In situ Raman curve of SPC-6-20.



Fig. S6. (a). SEM images of the carbon cathode before SPC-6-20-ZIHC cycling, (b).

SEM images of the carbon anode after 60,000 cycles of SPC-6-20-ZIHC at 10 A g'!.
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Fig. S7. XPS image of SPC-6-20-ZIHC carbon anode after 60,000 cycles at 10 A g
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Fig. S8. Water contact angle diagram of SPC-6-0, SPC-0-20 and SPC-6-20.
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Fig. S9. CV curves of SPC-X-Y tested from SmV to 100mV.
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Fig. S10. GCD plot of SPC-X-Y at a current density of 0.2 A g-!.
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Fig. S11. GCD plot of SPC-X-Y with current density of 0.2 to 40 A g!
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Fig. S12. Cycling stability of SPC-6-20 and SPC-6-0 at 10 A g-!.



Table S1. Comparison of SPC-6-20-ZIHC with previously reported carbon cathodes
in terms of activation temperature, specific surface area and pore volume.

S v Activation
Sample BT oul temperature Ref
(m>g™) (cm®g™) °C)
OLDC-800 1944.9 0.93 800 4
NPS-HPC 1976.8 1.66 900 5
HC-0.2 1902.9 1.06 800 6
3DPC 2813 1.82 800 7
PPC-800 1163 0.5 800 8
NSLHPC 2705.3 3.27 800 9
HCPC-1-1-
1914 0.96 800 10
800-IMP
HPC-800 1941.4 1.34 800 11
C-Zn-Fe 2368 1.13 800 12
NPFCgo 630.5 0.4 800 13
APHM150 2985.6 1.47 800 14
SPC-6-20 3086.4 2.28 760 This work




Table S2. Ip and I Values of SPC-6-20 from In-Situ Raman Testing.

Potential (V) Ip Cem™) I (cm™) Ip/Ig
0.4 1342.12 1584.47 0.847
0.8 1345.46 1583.64 0.849
1.2 135543 1599.42 0.847
1.6 1358.78 1588.43 0.855
1.6 135545 1601.34 0.846
1.2 1352.43 1599.42 0.845
0.8 1345.45 1599.42 0.841
0.4 1338.38 1595.42 0.839




Table S3. The corresponding parameters of the EIS spectra of ZHSCs based on SPC-
6-20, SPC-0-20 and SPC-6-0.

Sample Rs (Q) Rct (Q)
SPC-6-20 1.12 6.35
SPC-0-20 1.43 13.15

SPC-6-0 3.32 14.4




Table S4. XPS analysis of SPC-6-20, SPC-6-0 and SPC-0-20.

XPS analysis (at%)

Sample
C 0] N P
SPC-6-20 87.1 8.02 1.67 3.21
SPC-6-0 89.57 9.31 0.83 0.29

SPC-0-20 79.8 17.28 1.55 1.37




Table SS. Elemental analysis of SPC-6-20 and SPC-0-20.

Sample C (at%) N (at%) H (at%) S (at%) O (at%) P (at%)
SPC-6-20 88.87 0.63 0.55 0 7.18 2.77
SPC-6-0 91.14 0.65 0.85 0 7.21 0.15
SPC-0-20 91.83 0.69 1.00 0 3.90 2.58




Table S6. Specific capacity of SPC-X-Y at different current densities.

Sample

SPC-0-20

SPC-2-20

SPC-4-20

SPC-6-20

SPC-8-20

SPC-6-0

SPC-6-10

SPC-6-30

Specific capacity (mAh g )

0.2A g'!

83.3

109.5

136.1

216.9

166.6

98.8

182.0

147.9

05A¢g!

69.2

90.2

107.7

176.4

130.3

824

1354

121.1

1Ag!

61.1

80.5

96.4

158.5

114.6

73.1

115.3

109.6

3Ag!

53.7

70.7

84.1

134.3

99.1

62.6

97.8

93.1

5A¢g!

50.1

66.2

78.8

125.3

93.5

58.5

93.9

85.8

10Ag!

459

61.4

71.8

113.1

85.7

52.9

86.8

76.1

20A g

41.7

56.6

64.4

100.2

79.3

46.5

78.1

65.7

40A g!

37.6

51.1

55.4

91.5

73.2

40.6

67.9

53.7




Table S7. Comparison of energy density and power density between SPC-6-20 based
ZIHC and previously reported advanced carbon based ZIHC.

) Voltage Energy density  Power density
Materials Electrolyte Ref
V) (Whkg') (kW kg')
GH 2M ZnSO, 0.2-1.8 76.2 6.539 15
L-NS-CNS IM ZnSOy4 0.2-1.8 33.8 9.9 16
) ) PAM/7.5M
Silk-derived AC 0-1.9 217.0 18.0 17
Zl’lCIQ
Zn-HSC IMZn(CF5S053), 0-1.8 52.7 1.73 18
NPS-HPC Zn(CF;S03), 0.1-1.8 167.69 19.64 5
BCF 2M ZnSOy4 0-1.8 58.5 8.7 19
HCS IM ZnSOy4 0.15-1.95 59.7 0.447 20
MnO 1 M Na,SO, 0-1.3 55.9 1.24 21
HPC 2M ZnSOy4 0-1.8 63.7 3.16 22
PCNs//Zn 2M ZnSOy4 0.2-1.8 46 9.77 23
GNPC 1 MLi:SOs 0-1.8 46 17.7 24
ACS 6 M KOH 0-1.8 76.6 0.325 25
N-RGO/AAQ-2 2M ZnSOy4 0-1.8 50.6 15.6 26
Ca-900 IM ZnSOy4 0-1.8 43 0.88 27
CNPK IM ZnSOy4 0.2-1.8 8.5 4.25 28




Table S8. Comparison of electrochemical properties of SPC-6-20-based ZIHC with
previously reported advanced carbon-based ZIHCs.

Energy Power .
) Voltage ) . Cycling
Materials Electrolyte density density . Ref
V) stability
(Whkg!') (kW kgt
94.9% (20000
3D HPC 2M ZnSO, 0.01-1.8 118 3.158 22
cycles) 2A ¢!
98% (15000
HCS IM ZnSO,  0.15-1.95 59.7 0.447 20
cycles) 1A g!
Silk-derived ~ PAM/7.5M 95.1% (100000
0-1.9 217.0 18.0 17
AC ZnCl, cycles) 5A g!
Zn(CF3S03) 99.98 %(23000
NPS-HPC 0.1-1.8 167.69 19.64 5
) cycles)SA gl
90% (10000
GH 2M ZnSOy, 0.2-1.8 76.2 6.539 15
cycles) 15A g'!
. 95%(10000
GNPC 1 MLi2SO4 0-1.8 46 17.7 24
cycles)5A g!
95% (75000
MXene-rGO  2MZnSO, 0.2-1.6 34.9 4.0 29
cycles) 5A g-!
90.3%(30000
Zn-MET-800  2M ZnSO4 0.1-1.7 128.5 4.7 30
cycles)10A g!
M 99.2% (30000
PC800 0-1.9 108.4 48.8 31
Zn(ClOy), cycles) 20A g!
80.5% (10000
NTC IM ZnSO,4 0-2 189.6 11.26 32
cycles) 5A g!
90% (10000
CB-3-850 6M KOH 0-1.8 73.8 14.8 33
cycles) 20A g'!
80.6% (12000
PN-CHoNS 2 M ZnSO, 0.2-1.8 116 21.66 34
cycles) 5A g!
88% (30000
P/B-AC 2 M ZnSO, 0.2-1.8 169.4 20 35
cycles) 10A ¢!
88.2% (15000
WAPC-4/P 2 M ZnSO, 0.3-1.9 127.1 1.6 36
cycles7.5A g'!
95.7% (10000
HPC/CC 2 M ZnSO, 0.2-1.8 110 20 37
cycles) 5A g!
97.86% (60000 This
SPC-6-20 2 M ZnSO, 0.2-1.8 168.79 31.52
cycles) 10A g work
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